Hampton Roads is a populated area in the United States Mid-Atlantic region that is highly affected by sea level rise (SLR). The transportation infrastructure in the region is increasingly disrupted by storm surge and even minor flooding events. The purpose of this study is to improve our understanding of SLR impacts on storm surge flooding in the region. We develop a hydrodynamic model to study the vulnerability of several critical flood-prone neighborhoods to storm surge flooding under several SLR projections. The hydrodynamic model is validated for tide prediction, and its performance in storm surge simulation is validated with the water level data from Hurricane Irene (2011). The developed model is then applied to three urban flooding hotspots located in Norfolk, Chesapeake, and the Isle of Wight. The extent, intensity, and duration of storm surge inundation under different SLR scenarios are estimated. Furthermore, the difference between the extent of flooding as predicted by the hydrodynamic model and the "bathtub" approach is highlighted.
. Recent hurricanes Irma (2017) , Harvey (2017) , Sandy (2012) , and Katrina (2005) have had devastating impacts on highly populated coastal areas in the U.S. Gulf and Atlantic Coasts. High wind speed and storm surge flooding are the main hazards for people and coastal infrastructure. Prior to major storms, the authorities may demand evacuation of residents from areas vulnerable to storm surge. State roads and interstates prove to be the preferred evacuation routes, despite the potential high vulnerability that they may have in respect to flooding (Kleinosky et al., 2007) .
Climate change and its consequences, including sea level rise (SLR), threaten the low-lying coastal infrastructure, and hence, accurate estimation of storm surge flooding in the current and future state of the climate is critical for coastal planning and management. SLR provides a path for storm surge and energetic oceanic waves to propagate toward the infrastructure in the upland and cause damage. Furthermore, atmospheric models suggest that climate change can result in an increase in the number of large hurricanes (Bender et al., 2010) .
Storm surge flooding may be estimated using different approaches depending on the necessities and the resources available (Murdukhayeva et al., 2013) . For instance, the "bathtub" approach has long been used to estimate the extent of storm surge flooding and SLR impacts. Although this approach can provide first-order estimates of storm surge, it can include significant inaccuracies since it is based on static increase in water level. However, the response of storm surge to increase in sea level is nonlinear, such that a certain amount of increase in sea level does not necessarily result in the same amount of increase in storm surge flooding . This is due to the complex physics of the interactions among storm surge, tides, waves, and the overland flow, as well as their interactions with the natural and urbanized landscape. Therefore, a more accurate estimate of storm surge requires an approach that accounts for the dynamicity of storm and tides.
The Hampton Roads region of Virginia is one of the most vulnerable areas in the world to climate change and SLR in terms of population size and values of assets. It is a metropolitan region located at the confluence of the James, Elizabeth, and Nansemond rivers and comprises 10 cities with a total population of 1.7 million. The Port of Virginia located at Hampton Roads is the second largest port on the East Coast of the United States, and Norfolk is home to the largest naval base in the world. The region has the second highest relative SLR rate in the United States (~7 mm/year) only behind New Orleans (Boon et al., 2010) . Several factors including crustal warping, sediment compaction, and groundwater withdrawal (Kleinosky et al., 2007) , as well as the dynamics of the Gulf Stream (e.g., Ezer et al., 2013) , contribute to this high rate of relative SLR. Recurrent flooding of the infrastructure is a common occurrence in the region, and SLR has exacerbated the problem. Research shows that the accelerated rate of minor flooding due to high tides and precipitation in recent years can be attributed to SLR (Ezer & Atkinson, 2014) .
Several previous studies have investigated storm surge flooding in the Hampton Roads region. For instance, Li et al. (2013) used the Coastal Modeling System (CMS), a suite of models that simulate storm surge, waves, circulation, sediment transport, and morphological change, to study SLR impacts on Naval Station Norfolk. The domain of the CMS was limited to the naval base, and the boundary conditions to this domain were produced by the ADCIRC model (Westerink et al., 2008) . Loftis et al. (2016) used the subgrid modeling approach (Neelz & Pender, 2007) to simulate the precipitation-and storm surge-driven flooding in NASA Langley Research Center. The approach allows for nesting high-resolution LiDAR elevation data in lower-resolution computational grids of the hydrodynamic model. They show that flooding estimation improves by accounting for infiltration using land use data. The hydrodynamic model used in the study is the UnTRIM 2 model (Casulli & Stelling, 2011) . Sadler et al. (2017) estimated the most vulnerable transportation infrastructure is in the Hampton Roads cities of Norfolk and Virginia Beach. Applying the "bathtub" approach, results suggested that under the intermediate scenario, by 2100 around 10% of major roads in Virginia Beach and Norfolk were predicted to regularly flood due to tides reaching 2.1 m NAVD88. The percentage increases to over 15% of major roads with a 99% tide (2.6 m) and to over 65% of major roads with the addition of a 100-year storm surge (4.5 m). The study uses the "bathtub" approach to add storm surge estimates to SLR projections. Consequently, earlier flooding studies have either used the "bathtub" approach (e.g., Sadler et al., 2017) or have used hydrodynamic models to focus on a small study area (Li et al., 2013; Loftis et al., 2016) .
In this study, a hydrodynamic model is developed to predict hurricane storm surge in high resolution at several flood-prone critical spots in the Hampton Roads region of Virginia. These critical spots are known to experience recurrent and storm surge flooding that causes disruption in the transportation infrastructure. This study expands the earlier investigation by Castrucci and Tahvildari (2017) in which the vulnerability of two critical areas in Norfolk to storm surge flooding was assessed. The effect of various SLR projections on storm surge flooding is considered.
Methodology
The hydrodynamic model of the region is developed based on the Delft3D model. Delft3D is a widely used three-dimensional modeling suite that can simulate coastal, estuarine, and riverine processes. The model has recently been used for storm surge simulations (Vatvani et al., 2012; Hu et al., 2015) . The hydrodynamic model is set up with boundary conditions at the bottom (bathymetry and topography), water surface (atmospheric forcing), tidal forcing, and freshwater input at the boundaries. The model then solves the complex interactions between the flow and the landscape over a computational grid and obtains high temporal and spatial resolution information on water surface elevation at grid cell centers and flow velocity at grid cell faces.
The wind field that drives the storm surge is generated using the Holland et al. (2010) parametric model and the pressure and track data for Hurricane Irene (2011) provided by the National Oceanic and Atmospheric Administration (NOAA) National Hurricane Center (Lixion & Cangialosi, 2011 . By comparing model output on water levels with high-resolution topographic data obtained from a geographic information system data set, we determine the flooding extent, intensity, and duration at these critical points. Accurate prediction of the time and duration of flooding at these areas will help the decision makers with advanced warnings and rerouting of the general traffic as well as emergency vehicles.
Hydrodynamic Model Setup
In this study, we use the Delft3D-FLOW model to simulate the nonsteady flow processes generated by tidal and meteorological forcing. The model solves the equations for fluid motion and obtains flow variables, namely velocity vectors, pressure, and water surface elevations over a computational grid.
Grid Generation
The grid size is selected such that the results are obtained at high spatial resolution while keeping the computational time reasonable. It is noted that, in a grid with a variety of cell sizes, the simulation time step is governed by the smallest cell. Therefore, an efficient way to run the simulations using structured grids is to define multiple models with different domain extents that have nearly uniform grid cell sizes. In this approach, known as model nesting, the model that covers a larger geographical area will have a lower grid resolution (Level 1) and produces the boundary condition for a nested model (Level 2) that has a computational grid covering an area within the larger grid of the model at Level 1. The nesting can continue to higher levels (e.g., Levels 3, 4, etc.) in a similar manner. An advantage of model nesting approach is that it allows for utilizing high-resolution data (e.g., meteorological, topographic, or bathymetric data) at higher levels of nesting where high-resolution output is desired whereas low-resolution data are used at the models in lower levels of nesting. This approach will result in considerable reduction in computational time. In this study, we decided to develop the hydrodynamic models in three levels of nesting (Levels 1-3). This approach allows us to use high-resolution LiDAR data (0.76 m horizontal resolution) at several critical flood-prone spots in Level 3 models and keep the computational time reasonable with available resources.
The computational grid of the Level 1 model is shown in Figure 1 . The grid is equidistant, such that the distances between a cell center and adjacent cell centers are equal. The cell size in this grid is 125 × 200 m 2 . Figure 2 shows the computational grid of the Level 2 model as well as grids of local Level 3 models. The grids of Level 2 and Level 3 models are curvilinear, and their cell sizes vary 30-90 × 30-90 m 2 and 2.5-3.5 × 2.5-3.5 m 2 , respectively. The yellow lines in Figure 2 show the boundaries of the Level 2 model, and red areas show the domain of high-resolution Level 3 models, which are constructed around the critical spots. The high grid resolution in Level 3 models enables us to utilize high-resolution LiDAR data and develop street level flood maps.
Boundary Conditions
The hydrodynamic storm surge model requires topography, bathymetry, tide, wind, and river discharge data to perform the numerical simulations.
Topography and Bathymetry Data. The accuracy of the predictions of hydrodynamic models depends on the resolution of the available data (Sebastian et al., 2014) . High-resolution LiDAR topographic data for this project are not available for the entire Hampton Roads region, but it completely covers the cities of Norfolk, Hampton, Virginia Beach, and Chesapeake. The topographic data were extracted from the digital elevation model of this data set, which has a 0.76 m horizontal resolution and was utilized in the simulations that used the Level 3 model. In Level 1 and Level 2 models, which have larger domains, we used the freely available highest-resolution bathymetric and topographic data from NOAA. Table 1 summarizes the sources of the topographic/bathymetric data used in the FIGURE 2 (a) Level 2 (specified in yellow) and Level 3 (specified in red) model domains, (b) the computational grid of the Level 2 model, and (c) Level 3 models in the Hague neighborhood in Norfolk.
TABLE 1
The bathymetric and topographic data sources and resolution in the nested model. study as well as the spatial resolution of each data set. The elevation data from different sources did not have the same datum and coordinate system, and as such, they were converted to NAVD 88 using VDatum. Although the bathymetry and topography had the same resolution in Level 1 and Level 2 models, their resolution differed in Model 3 where the topography and bathymetry had 0.76 m and 10-30 m resolution, respectively. Tides. High tides contribute to the flooding significantly, and they should be accounted for in the storm surge model. The Delft3D model is forced by amplitudes and phases of nine primary tidal constituents (M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 , Q 1 , and M 4 ) at the open boundaries of the Level 1 model. The amplitudes and the phases of these harmonics were interpolated using the values from the TPXO global tide model (Egbert & Erofeeva, 2002) , which has a 1/30°r esolution at the U.S. East Coast. The points where the tidal information is extracted are selected such that they are close to the coastline, otherwise the tidal propagation in shallow water may not be adequately reproduced due to relatively low topography and bathymetry resolution in the Level 1 model.
Wind Profile. The most important boundary condition in hurricane surge simulation is the wind and pressure fields. According to the data from the NOAA tide gauge at Sewells Point, VA, Hurricanes Irene (2011) and Sandy (2012) caused the largest storm surge among the hurricanes that affected the Hampton Roads region in the past decade. The storm surge that resulted from these two hurricanes in Hampton Roads (based on measurements at the Sewells Point tide gauge) are nearly the same. For this research we decided to use the characteristics of Hurricane Irene to set up the wind field. Because of the low resolution of wind and pressure data from satellites, the hurricane profile was created using the Holland et al. (2010) model. The model generates the wind profile using the maximum wind velocity, minimum pressure, and storm diameter. The storm path, maximum wind velocity, and minimum pressure were provided by the NOAA National Hurricane Center (Lixion & Cangialosi, 2011) , whereas the storm diameter was estimated according to the Gross et al. (2004) model. The output values from the Holland et al. (2010) model were inserted in a meteo mesh, which shaped as a spider web can host variable grid sizes that increase resolution as they approach the center of the network. The spider web grid was generated to be large enough to accommodate changes in storm size, which varies with maximum velocity and central pressure, which experienced changes along Hurricane Irene's path. The main characteristic of the spider web domain is related to its nonstationary position, which changes during the simulation according to the hurricane path. The wind field is interpolated to the computational grid.
River Discharge. The discharge of the James River is used as a boundary condition in the western open boundary of the Level 2 model. The river discharge is recorded every quarter of an hour by a United States Geological Survey (USGS) gauge located near Richmond, Virginia.
Results

Model Validation
Prior to applying the storm surge model to future SLR scenarios, we validate the model with the observed storm surge from Hurricane Irene (2011) . The validated storm surge model then uses the Hurricane Irene parameters to predict storm surge levels and flooding duration due to Irene-like storms in future sea level conditions.
The model parameters are kept constant over the three levels of nesting. Sea water density is 1,025 kg/m 3 , background atmospheric pressure is 1,030 mbar, the bottom roughness is represented by the Manning coefficient, which is assumed to be 0.03 in the Level 1 model and 0.02 in both Level 2 and Level 3 models. These values were obtained through tide calibration. Horizontal eddy viscosity is kept the same as the default value of 1 m 2 /s. All the boundary conditions in the model, such as bathymetry and initial water level, have been specified at the corners of the grid cells, and the threshold depth for wetting and drying is specified to be 0.1 m. The vertical datum is NAVD88. We used the data from two NOAA tide gauges located at the Chesapeake Bay Bridge Tunnel (CBBT) and the Sewells Point to validate the performance of the Delft3D model. The CBBT data were used to validate the Level 1 model. The domain extent and grid resolution of the Level 1 model were selected such that the storm track through the Hampton Roads area is captured adequately while ensuring that the grid has a high enough resolution to capture the storm and tide propagation into the Chesapeake Bay. As seen in Figure 3(a) , Level 1 model results for Hurricane Irene and the tidal elevations prior to the storm compare well with the buoy data. The root mean square error (RMSE) is 0.156 m. The only notable discrepancy occurs at two tidal cycles prior to the storm peak, which can be due to uncertainty in the size of the storm in this time frame; Hurricane Irene's radius was hard to estimate due to larger than normal size of the cyclone and the absence of a particularly intense inner core during August 26-27 (Lixion & Cangialosi, 2011) . Therefore, we hypothesize that the assumption that the hurricane radius is constant with time and space may have resulted in this discrepancy. We note that the HWind legacy data for Hurricane Irene is publicly available and using the data may resolve these discrepancies. However, recent research shows that a hydrodynamic + wave model that uses a Holland-type parameterization for atmospheric forcing can provide a more accurate estimation of storm surge than the model, which uses HWind data (Dietrich et al., 2017) . The study used the data from Hurricane Isaac (2012) in the Gulf of Mexico, and the results of the study may not be applicable to the present investigation. Nevertheless, the model estimation for water levels at the storm peak compare well with the data. Level 2 model is validated using the Sewells Point tide gauge. As seen in Figure 3(b) , the model result for tidal elevation and the storm surge compare well with the data. The RMSE is 0.155 m. The slight discrepancy observed at the peak may be attributed to the inadequacy in representation of the shallow bathymetry in the model. There were no tide gauges in the domains of Level 3 models in 2011; hence, the calibration and validation of these models with tide and storm surge data were not possible. However, a tide gauge was installed on a bridge in the Hague area in 2016, and the data can be used for similar future studies.
Storm Surge Under SLR
Several critical flood-prone locations were considered, and three were selected for this study: the Hague neighborhood located in downtown Norfolk, the James River Bridge connecting the Isle of Wight county to the City of Newport News, and the I-64 Bridge in Chesapeake. These three spots are known to be vulnerable to direct storm surge inundation, and their flooding can significantly disrupt the traffic flow. It is worth noting that there are many spots in the transportation infrastructure in the region that are indirectly vulnerable to storm surge flooding. In these spots, higher water due to storm surge and high tides submerge the outlets and cause the storm water to back up in the drainage system and prevent the storm water infrastructure from functioning properly. This effect will contribute to flooding even in areas that are not directly inundated by storm surge. However, our study is focused on the direct storm surge-induced inundation.
We considered three SLR projections presented in a recent NOAA report by Sweet et al. (2017) . This report adds an extreme flooding scenario to estimates proposed in earlier studies. In this study, we use SLR with IL, IH, and extreme rates. Table 2 summarizes these estimates for 2050 and 2100, the two time frames considered in this study. It should be noted that the study can readily be extended to other SLR estimates. The effect of SLR is added to the model by increasing the water level to the desired values at the boundaries of Model 1
FIGURE 3
Comparison between hydrodynamic model results for water level and measurements at (a) CBBT and (b) Sewells Point tide gauges during Hurricane Irene (2011) .
March/April 2018 Volume 52 Number 2 and allows enough time for the sea level change to propagate throughout the domain. This will change the boundary conditions for Models 2 and 3 subsequently.
In Figure 4 , the extent of storm surge flooding in the Hague area is depicted. The map shows the extent of flooding due to Hurricane Irene (2011) under the present sea level as well as potential hurricanes that could occur in 2050 with the same parameters as Hurricane Irene under SLR projections outlined in Table 2 . As expected, flooded areas increase with increase in SLR projection for the year 2050. In the year 2100, the extent of inundation is significantly increased from IL to IH scenario, such that a wide area of the city, well beyond the Hague area, will be inundated. The increase in flooding extent from IH to the extreme SLR scenario is not as pronounced. Note the upland border of the computational grid in Figure 4 (b) indicating that areas that are not colored in this figure are outside the grid and not necessarily dry.
In addition to depth of water level over the flooded area, the hydrodynamic modeling approach allows us to estimate the duration of flooding. In estimating the flooding duration, we assumed that a location is flooded once the total water level (storm surge + tide + SLR) is higher than the elevation of the point. It should be noted that the hydrodynamic model does not account for drainage, infiltration, or evaporation, and hence, if the water creates a pond at a low-lying spot after the storm surge has receded, the water level will remain at a constant nonzero value at that location. Therefore, we considered flooding to end once the water level is subsided and reaches a value that is constant with time, even if this value is not zero. It is noted that the 0.10 m threshold for wetting/ drying filters out some of the ponds, but in some of the simulations, the depth of the ponds saturated to a value larger than this threshold after the completion of the storm.
Flood level, defined as the maximum water surface elevation during the storm event, and flood duration, defined as the time over which the model predicts the existence of water over an area, are the two main outputs of the model. The "observation point," where this information is output at high temporal resolution, is shown by a blue pin in Figure 4 . In the Hague area, we placed the observation point at the Fairfax Avenue as a representative spot in the area. As seen in Figure 5 , flooding level increases linearly with SLR scenarios in 2050. On the other hand, the flooding level in 2100 and flooding time increase nonlinearly with SLR scenarios. It is also noted that the trend in flooding times shows a significant increase from the IL to IH
FIGURE 5
Storm surge flooding intensity (a) and duration (b) at the Hague area in Norfolk, VA, due to Hurricane Irene under present sea level and IL, IH, and extreme scenarios.
FIGURE 6
Flood maps for the north (a, b) and south (c, d) sides of the James River Bridge in 2050 and 2100. SLR scenarios include IL, IH, and extreme conditions. scenario in 2100, whereas the difference between current sea level condition and IH scenario is not as pronounced. The neighborhood is under water in extreme SLR scenarios at 2100 even without storm surge; thus, the flooding time for this scenario is not included in Figure 5(b) . The second critical spot in this study is the bridge over James River, which connects Isle of Wight County to Newport News and has a high traffic volume. Castrucci and Tahvildari (2017) showed that the north side of the bridge is not vulnerable to storm unless IH or extreme SLR conditions are considered. In this study, we extend the analysis to include a spot in the south side of the bridge, which has a significantly lower elevation than the north side, and hence will determine the storm surge and SLR conditions that will disrupt traffic flow through the bridge. Figure 6 shows flood maps at the north (Mercury Blvd.) and south (Carrolton Blvd.) side of the bridge under different SLR scenarios at 2050 and 2100. As seen, the north side does not experience flooding under any SLR projection in 2050, but it is expected to be inundated by storm surge at year 2100 under IH and extreme SLR scenarios. The extent of flooding is significantly larger in the south side compare to the north side, even at present sea level condition. Figure 7 shows the flood duration and intensity at the James River Bridge. As seen, storm surge flooding at this location occurs only in the IH and extreme conditions at 2100. The flooding time in the south side of the bridge increases linearly with SLR projection for 2050 but increases nonlinearly for 2100. The south side of the bridge starts being flooded since the IL SLR scenario of both 2050 and 2100. This spot is expected to be flooded under extreme SLR without storm surge.
The bridge on I-64 in the City of Chesapeake is the third critical spot to be studied as the flooding around this bridge can affect a substantial traffic
FIGURE 7
Storm surge flooding intensity and duration at north (a, b) and south (c, d) sides of the James River Bridge.
volume. In Figure 8 , the extent of storm surge flooding in the east and west sides of the bridge is shown. The storm parameters and SLR projection are the same as those used in the previous simulations. The observation points, which are placed on the road, do not capture any flooding for year 2050, but we note that the east side of the bridge in the vicinity of the river will be flooded even under current sea level. Because of high ground elevation on both sides of the bridge, flooding does not occur at the observation points except in IH and extreme SLR scenarios in 2100 (Figure 9) .
To highlight the difference between the hydrodynamic model results and the bathtub approach, we compare the estimates of the two approaches for the IH SLR scenario in the Hague neighborhood of Norfolk. As seen in Figure 10 , the bathtub approach overestimates the extent of the flooding, and streets farther from the water front, which will be clear based on the hydrodynamic model results, are expected to be flooded based on the bathtub approach.
Summary and Discussion
The objective of this research is to improve our understanding of vulnerabilities in the Hampton Roads region of Virginia to storm surge flooding in the face of SLR. In consultation with local and state officials, several critical flood-prone spots were identified. These areas are either in the vicinity of critical emergency facilities or have a substantial traffic flow.
A hydrodynamic model is developed based on the Delft3D modeling suite to simulate storm surge flooding under different SLR conditions. The study focuses on three flood-prone spots representing multiple municipalities in Hampton Roads, namely the cities of Norfolk, Chesapeake, and Newport News and Isle of Wight County. To reduce the computational time, the model was developed at three levels of nesting with spatial resolutions varying from~200 m tõ 2.5 m. The numerical models Level 1, Level 2, and Level 3 used 13, 13, and 59 Intel Xeon E5-2670 v2 2.50 GHz CPUs, respectively. The combined computational time of nested model was between 48 and 72 h, depending on the study site in the Level 3 model.
Three different SLR scenarios, namely IL, IH, and extreme SLR, were selected, and storm surge flood maps were developed for a historic hurricane for the present sea level as well as the projected SLR for 2050 and 2100. The hurricane was defined using the parameters of Hurricane Irene (2011) . The first flood-prone areas that are studied are the Hague neighborhood in the City of Norfolk, the James River Bridge connecting Tables 3 and 4 summarize the flooding level and duration at these locations, respectively.
We compared the results of the hydrodynamic model for the Hague neighborhood with the widely used bathtub approach for one SLR scenario. The results indicate that the bathtub approach overestimates the extent of the flooding in the selected area; thus, it is critical to use hydrodynamic analysis to estimate SLR impacts on storm surge flooding.
The present study can be improved in several directions. We note that, in a nested modeling approach, all the nested models need to be validated. At the time of our analysis, there was no data available in the domain of models at the third level of nesting. Therefore, although models at the first and second level of nesting were validated with water level data, the information from Level 3 models still requires validation. The City of Norfolk has recently installed a tide gauge in the Hague area, which could be used to validate the Level 3 model and similar hydrodynamic models in the future.
The second shortcoming of the study is that the effect of waves is not included. Coupling the spectral wave model SWAN (Booij et al., 1999) with the Delft3D-FLOW model is straightforward in the Delft3D modeling suite and is being conducted in an ongoing study.
Although the present study focuses on three specific spots in the transportation network, the developed model and approach can be applied to other coastal areas vulnerable to storm surge and SLR. The results of this study on the extent, intensity, and duration of flooding under different SLR projections would enable more accurate design and implementation
FIGURE 9
Storm surge flooding intensity and duration at west (a, b) and east (c, d) sides of the I-64 Bridge in Chesapeake.
of flood mitigation measures such as tide gates, seawalls, or storm water infrastructure and will help the transportation planners and emergency managers with advanced warnings and rerouting of the traffic, thereby increasing the resiliency of the critical infrastructure operations in the region to extreme weather and SLR. and Scott Smith (City of Norfolk) are thanked for useful discussions for identification of flood-prone areas. Discussions with Dr. Mecit Cetin were helpful. This project is funded
FIGURE 10
Comparison between the storm surge model estimates for inundation extent under IH SLR in 2050 (yellow) and estimates based on the bathtub approach (red). 
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